Objective: To detect quantitative trait loci influencing adiposity-related phenotypes assessed by body mass index (BMI), abdominal circumference (ABDCIR), percent body fat (%BFAT) and fasting serum leptin and adiponectin using a whole genome linkage scan of families from American Samoa. Design: Family-based linkage analysis, the probands and family members were unselected for obesity. Subjects: A total of 583 phenotyped American Samoan adults, of which 578 were genotyped in 34 pedigrees. Measurements: A total of 377 autosomal and 18 X chromosome microsatellite markers were typed at an approximate average spacing of 10 cM spanning the genome. Multipoint LOD (logarithm of the odds) scores were calculated using variancecomponents approaches and SOLAR/LOKI software. The covariates simultaneously evaluated were age, sex, education, farm work and cigarette smoking, with a significance level of 0.1. Due to the stochastic nature of LOKI, we report the average of maximum LOD scores from 10 runs. Results: Significant linkage to leptin was found at 6q32.2 with LOD of 3.83. Suggestive linkage to leptin was found at 16q21:LOD ¼ 2.98, 1q42.2:LOD ¼ 1.97, 5q11.2:LOD ¼ 2.08, 12q24.23:LOD ¼ 2.00, 19p13.3:LOD ¼ 2.05; adiponectin was linked to 13q33.1-q22.1:LOD ¼ 2.41; %BFAT was linked to 16q12.2-q21, LOD ¼ 2.24; ABDCIR was linked to 16q23.1:LOD ¼ 1.95; %BFAT-adjusted leptin to 14q12, LOD ¼ 2.01; %BFAT-adjusted ABDCIR to 1q31.1, LOD ¼ 2.36, to 3q27.3-q28, LOD ¼ 2.10 and to 12p12.3, LOD ¼ 2.04. Conclusion: We found strong evidence for a major locus on 6q23.2 influencing serum leptin levels in American Samoans. The 16q21 region appears to harbor a susceptibility locus that has significant pleiotrophic effects on phenotypes BMI, %BFAT, leptin and ABDCIR as shown by bivariate linkage analyses. Several other loci of varying significance were detected across the genome.
Introduction
Overweight and obesity have reached epidemic proportions globally and are associated with economic modernization and the concomitant changes in physical activity and diet. [1] [2] [3] Obesity, body mass index (BMI)X30 kg/m 2 , in the United States has become a major public health problem, affecting 33% of adults in 2002. Its prevalence is much higher in the US minority groups, including Pacific Islanders, and in those with low education. 4 Estimates based on NHANES data show a marked increase in age-adjusted prevalence of obesity in the US adults over time, from 13.4% in 1960-1962 to 30 .5% in 1999-2000. 1, 4 These data also show significant disparities among racial groups with higher prevalence of both obesity and overweight among minorities. Compared to the US and most other populations, levels of overweight and obesity are remarkably high in Samoan adults and children residing in American Samoa and the independent nation of Samoa, and are strongly associated with measures of modernization. [5] [6] [7] [8] ) Obesity is a complex phenotype resulting from interaction of genetic, environmental, cultural, nutritional and lifestyle factors. Therefore, identification of genetic variants associated with obesity has been difficult. Nonetheless, numerous studies using candidate gene approaches and linkage analysis have identified genes and chromosomal regions, some of which have been replicated across studies and populations. 3, 10 Populations of recent ancestry that have remained isolated since their founding have added advantages in understanding the genetic basis of complex phenotypes. 11 Samoans, with an evolutionary history of approximately 3000 years, relative isolation, large family sizes and their recent exposure to modernization and the nutrition transition, offer an important opportunity for undertaking genetic studies in obesity-related traits. 5, 8, [12] [13] [14] In this report, we present results of a genome-wide scan study using univariate and bivariate variance-components (VC) linkage analysis to identify quantitative trait loci (QTLs) linked to adiposity-related phenotypes among adults from American Samoa. Adiposity was assessed by BMI, abdominal circumference (ABDCIR), percent body fat (%BFAT, as measured by bioelectrical impedance), fasting serum leptin and adiponectin. We also tested for linkage to two adjusted phenotypes, leptin and ABDCIR adjusted for BMI or %BFAT. After univariate linkage analysis, bivariate linkage analysis was used to investigate whether the clustering of phenotypespecific linkage peaks in common chromosomal regions was due to the pleiotropic effects of a single major gene or to the influences of multiple tightly linked genes.
Subjects and methods

Subjects
All participants took part in the Samoan Family Study of Overweight and Diabetes in [2002] [2003] . Recruitment in the US territory of American Samoa in 2002 was based on random selection of probands seen in the 1990-1994 cohort study in American Samoa, 13, 15 and the presence of at least two adult siblings alive and residing in American Samoa. Participants in the 1990-1994 cohort (which was originally designed as a longitudinal study of blood pressure change over time) had to (1) not have a medical diagnosis of hypertension or type 2 diabetes (based on doctor's report or current use of medications for either) and (2) [3] [4] [5] [6] [7] [8] . Two separate autosomal genome scans were carried out using both 34 intact pedigrees and 190 nuclear families, in an attempt to investigate the sensitivity of our linkage results to different pedigree structures. Linkage analyses on X chromosome were done using only nuclear families because of the fact that current software cannot handle larger pedigrees.
Unless stated otherwise about the pedigree structures used in linkage analyses, the autosomal linkage results described below are derived using the sample of 34 intact pedigrees.
Measurements
Standard anthropometric techniques were used to measure stature, weight, skinfold thickness and circumferences, and to calculate BMI. 17 ABDCIR was used as the primary measure of central fat distribution. Bioelectrical impedance measures of resistance were obtained with BIA-101Q device (RJL Systems Inc., Clinton, MI, USA). These measures were then used to calculate fat-free mass and body fat percentage (%BFAT) using equations established from body composition studies in Samoans. 7, 9 Fasting blood specimens were drawn after a 10 h minimum overnight fast into Vacutainers, separated with a portable field centrifuge and stored in plastic storage tubes at À401C in local freezers. Serum was shipped on dry ice to Providence and the following assays were completed: serum leptin by radioimmunoassay (RIA) using a kit from ALPCO (Windham, NH, USA); serum insulin using standard RIA kits from Diagnostic Products Inc.; serum glucose using an automatic analyzer, Beckman CX4; serum adiponectin using RIA kits from Linco Inc. (St Charles, MI, USA).
Interviews were used to collect information on years of education, occupation and physical activity from farm work. Farm work was coded as a dichotomous variable based on self-reported physical work at the farms (and in a few cases fishing) regularly each week or if subsistence work was the primary occupation. 7 Cigarette-smoking data were collected by interview and coded as a dichotomous variable based on current smoking status. These phenotypes were checked for data entry mistakes and for outliers. Power transformations were applied to the adiposity-related phenotypes that were not normally distributed. 18 Adiposity QTLs in American Samoan families F Dai et al Genotyping Buffy coats were prepared from 10 ml of ethylenediaminetetraacetic acid blood samples in the field, kept at À401C in American Samoa and then shipped on dry ice to the laboratory at Cincinnati. Genomic DNA was isolated using the Puregene Kit (Gentra Systems Inc., Minneapolis, MN, USA) and quantitated, diluted to 20 ng/ml and arrayed in 96-well microtitre plates. The ABI PRISM Linkage Mapping Set MD10 (Applied Biosystems Inc., Forrest City, CA, USA) consisting of 10 cM panels of microsatellite markers was used. We adopted a multiplex PCR (three to five markers) scheme developed in our laboratory. PCR was performed in 96-well plates and in each plate a sample of known genotype (Centre d'Etude du Polymorphisme Humain (CEPH) DNA 1347-02) was used in two wells as a positive control and distilled water in one well as a negative control. PCR products from four 96-well plates were then assembled in one 384-well plate for analysis in the DNA sequencer. Thus, there were eight wells in the 384-well plate containing the CEPH sample with known genotype. In addition to serving as a positive control, this protocol ensured consistency of genotype data. Further, we used a Biomek FX liquid handling station to eliminate errors associated with manual handling of samples. Amplified products were separated on two automated DNA sequencers (Applied Biosystems) -3100 Genetic Analyzer that uses the POP4 polymer and internal size standard ROX400, and 3130XL Genetic Analyzer that uses POP7 polymer and internal size standard 500LIZ. Raw genotype data generated in the two machines were transferred to a separate analysis computer for assigning individual genotypes using GeneMapper V4.0 software, which were manually checked by two persons ensuring correct calling of genotypes.
Our genotype data were subjected to several quality checks in order to help ensure accurate genotyping. First, we compared the heterozygosity rates observed with the rates expected on the basis of the estimated allele frequencies to assay the quality of our genotyping panel data. We also performed checks for 'reasonable' allele sizes, numbers of alleles and frequencies. Then, we used the relationshiptesting programs RELPAIR 19 and PREST 20 to check the accuracy of our self-reported pedigree relationships (after checking for internal consistency of ages). The relationshipchecking results were used to double check our fieldcollected pedigrees, as well as to conservatively adjust the pedigree structures for maximal reduction of pedigree errors. Misclassification of half siblings as full siblings, unrelated persons as parent-offspring and cousins as full siblings were identified and resolved. A total of 93 relationships were changed, with 13 individuals added as connecting parents. There was one coding error that was inconsistent with the field notes. Unresolved relationship errors led to the removal of the questionable subjects from the study. We also excluded from analysis two individuals who were each part of a monozygotic twin pair.
We used PEDCHECK 21 to check genotypes at each locus for Mendelian inconsistencies; for the analyses on the nuclear families, this information was used to zero out families containing Mendelian inconsistencies at a specific marker. For the larger pedigree structures, LOKI 22 was used to remove a small set of genotypes so as to generate an internally consistent set of genotypes for all family members. Mega2 23 and the statistical software R (The R Project for Statistical Computing) were used interactively to set up the input files for all the analyses.
Genetic map
Our sex-averaged genetic map was taken from the Rutgers Combined Linkage-Physical Map of The Human Genome. 24 Linear interpolation was used to predict the genetic position of markers that were not present in the Rutgers map.
Allele frequency estimation
Our analyses are sensitive to allele frequency estimates, and we have previously shown that Samoans have allele frequencies at microsatellite loci that differ from Europeanderived allele frequencies. 14 Therefore, we estimated marker allele frequencies from our data, while taking the pedigree structures into account using LOKI while simultaneously estimating the identity-by-descent (IBD) sharing matrices. Using LOKI in this manner has the advantage of properly modeling the variability in the estimates of the allele frequencies.
Statistical analysis
Univariate multipoint linkage analysis. A multipoint VC approach was used to test for linkage between marker loci and the adiposity-related phenotypes. In this approach, the phenotypic and genetic information from all the pedigree members is considered simultaneously, and the expected genetic covariances between relatives are specified as a function of the observed IBD at a given genetic position as estimated from the marker data. 25 The multipoint IBD matrices were estimated by LOKI and were imported into SOLAR, 26 in which the VC models were fit by simultaneously estimating the trait mean (as a function of the covariates), three VC s q 2 (additive genetic variance due to the major locus), s g 2 (variance due to residual additive genetic effects)
and s e 2 (variance caused by random environmental effects)
using maximum-likelihood techniques. For a given phenotype, a likelihood ratio test for linkage was carried out by testing whether s q 2 was significantly different from 0 by comparing the likelihood of the general model, in which s q 2 is estimated, with that of the restricted model, in which s q 2 is constrained to 0. Twice the difference in the ln-likelihood values of these two models yields a test statistic that is asymptotically distributed as a 1/2 : 1/2 mixture of a w 1 2 and a point mass at zero. 27 Logarithm of Adiposity QTLs in American Samoan families F Dai et al the odds (LOD) scores are obtained by converting the statistic into values of log to the base 10. LOKI uses a stochastic approximation algorithm, which can result in minor variation in the LODs from run to run. Thus, the reported LODs are the average of maximum LODs obtained from 10 runs; ranges of those scores are also reported. Violations of multivariate normality can lead to nonrobust results, for example, excessive type-I errors when the distribution of the trait is markedly leptokurtic. 28 To account for possible deviations from multivariate normality, we transformed our phenotypes to approximate normality before linkage analyses. We also routinely used the multivariate t-distribution procedure in SOLAR to further guard against possible nonnormality; this is more robust than using SOLAR's default multivariate normal distribution. 26 An LOD scoreX3.3
was taken as evidence of significant linkage, which is equivalent to a P-value of 0.0001 or less. An LOD score X1.175 and LOD score X1.9 were considered to show potential linkage and evidence of suggestive linkage, respectively.
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Three sets of multipoint linkage analyses were performed using SOLAR; 26 these analyses differed in terms of which covariates were retained in the subsequent analyses. In the first set of linkage analyses, age and sex effects were screened for statistical significance (Pp0.10), while modeling familial relationships. In the second set of analyses, environmental exposures farm work, cigarette smoking and education, in addition to age and sex effects, were screened for inclusion. Since the power of the VC linkage analysis approach is proportional to heritability, one may increase power by reducing the environmental variance of the phenotype by adjusting for covariates. 30 Comparison of these two sets of analyses may help reveal genes that control the residual variation after the effects of environmental covariates have been removed. Finally, in the third set of analyses, in order to search for genes influencing the propensity to deposit fat in the abdominal region, we analyzed ABDCIR after removing the effects of BMI or %BFAT, in addition to other covariates; we also tested for linkage to BMI (%BFAT)-adjusted leptin.
X-linked multipoint linkage analysis. The current version of SOLAR 26 does not carry out correct X-linked QTL analysis, as it does not yet support fitting of the proper VC models. [31] [32] [33] Recently, Lange and Sobel 34 discussed a new model for mapping X-linked QTLs, which is incorporated in the program Mendel, 35 which we used to perform X-linked analysis. A plethora of model options in Mendel allowed us to try different genetic models in our analysis, in which different combinations of covariates, VC due to X-linked QTL, autosomal additive polygenic effects, X-linked additive polygenic effects and random environmental effects were modeled assuming our phenotypes follow multivariate t-distributions. However, since Mendel cannot handle large pedigrees, the sample of 190 nuclear families was used.
Bivariate multipoint linkage analysis. In the bivariate analysis, the trait-specific estimates of the mean, VC For ease of interpretation, the bivariate LOD score can be adjusted to a 'univariate-equivalent' LOD score, LOD eq , which has an equal asymptotic P-value as the bivariate LOD.
In bivariate linkage analysis, likelihood-ratio tests for pleiotropy or coincident linkage were made at the chromosomal location where the highest linkage peaks reside. To test complete pleiotropy, the ln-likelihood for the model in which r q was estimated was compared with that of the restricted model in which r q was constrained to 1 or À1, whose statistic is asymptotically distributed as a 1/2 : 1/2 mixture of a w 1 2 and a point mass at zero. 27, 37 The statistic for coincident linkage (r q was constrained to 0) follows a w 1 2 distribution. A P-value of 0.05 was suggested as a sufficiently conservative cutoff for the rejection of either pleiotropy or coincident linkage.
36
Results (Table A1 , online supplement). Our five 'primary' phenotypes (BMI, %BFAT, ABDCIR, leptin and adiponectin) are highly heritable with heritability ranges from 0.41 to 0.62, adjusted for different sets of significant covariates (Table 2) . Four adjusted traits (BMI or %BFAT-adjusted ABDCIR and leptin) have heritability estimates in the range 0.31-0.45. These estimates indicate a major role of genes in the control of adiposity in the American Samoan population.
A total of 377 autosomal microsatellite markers with an average spacing of 9.8 cM (8. Table 2 . For BMI-or %BFAT-adjusted ABDCIR and leptin, we standardized the residuals before linkage analysis because they had high kurtosis ( Table 2 ). The chromosomal regions with (average) maximum multipoint LOD scores X1.5 (based on 10 runs) are presented in Table 3 . In addition, the ranges of the locations (cM) of the maximum LOD scores are also displayed. These show that as the LOD score gets higher, the maximum LOD score tends to occur in the same position from run to run, even though it may vary slightly in magnitude. Figure 1 shows the univariate multipoint results of one single SOLAR/LOKI run for chromosomes 6, 13 and 16 where we observe LOD scores greater than 2.30, or observe clustering of linkage peaks in the same regions for 'primary' phenotypes. The whole genome-scan results for 'primary' phenotypes are graphed in Figure A1 and A2 (online supplement).
The highest (average) multipoint LOD score was 3.83 for leptin, close to marker D6S262 in 6q23.2. The region harboring this putative QTL is broad, and the 1-LOD support interval surrounding the peak extends from 137.0 to 155.2 cM (Figure 1 ). The second strongest evidence for linkage was also for leptin, with an LOD of 2.98 in 16q21 at 91.0-91.9 cM near marker D16S503. Suggestive linkage, LODX1.9, was detected for 13 other trait/region pairs including both %BFAT and leptin at D12S86 on 12q24.23. There were seven other unique trait/region pairs with 1.5pLODo1.9, including both BMI and %BFAT at 14q12-q13.1. Adjusting for environmental covariates (for example, farm work, education and cigarette smoking) led to larger LOD scores for leptin at 6q23.2 and 16q21, for %BFAT at 16q12-q21, for adiponectin at 13q33.1 and for %BFAT-adjusted ABDCIR at 1q31.1, 3q27.3-q28 and 12p12.3 (Table 3) .
There is colocalization of linkage signals for BMI, %BFAT, leptin and ABDCIR to the same region near the markers D16S415-D16S515 (Table 3 and Figure 1 ). The bivariate analyses indicate that there are significant genetic and environmental correlations between pairs of four phenotypes (Table 4) . Results of bivariate linkage analyses of the selected phenotype pairs for chromosome 16 are reported in Table 5 and the 'equivalent-univariate' LOD eq scores are plotted in Figure 2 . The maximum bivariate LOD scores with 2 d.f. vary from 2.13 for BMI-ABDCIR pair to 2.98 for %BFAT-leptin. Likewise, the LOD eq scores range from 1.68 to 2.48. All linkage peaks in Table 5 overlap the region 16q21 at 90.9-91.9 cM, except for the ABDCIR-%BFAT pair (the second highest peak for the ABDCIR-%BFAT pair was detected on 16q21 at 90.9 cM with an LOD eq of 2.23). Since the bivariate linkage analyses are computationally intensive, Table 5 and Figure 2 only display results from one single run. 
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As shown in Table 5 , the r q s, the correlations due to major gene effects are quite high, ranging from 0.97 to 1.00. Coincident linkage hypothesis was strongly rejected in favor of pleiotropy, and none of the tests for complete pleiotropy rejected the hypothesis that the locus-specific genetic correlation (r q ) was equal to 1, indicating that variations in the given pair of phenotypes are mediated by common genetic factors (for example, a putative common QTL).
Results of our univariate VC linkage analyses using the 190 nuclear families are summarized in Table A2 (online supplement). Maximum LOD scoresX1.5 (one run) were observed for only eight putative QTLs, and a comparison of Table A2 to Table 3 shows that only two linkage peaks identified using the original pedigrees show suggestive linkage using the nuclear families (linkage of %BFAT to 12q24.23-q24.23 with LOD 2.17 and linkage of ABDCIR to 2p11.2 with LOD 2.09).
We performed X-linked VC analyses incorporating different genetic models (Table A3 , online supplement) with no maximum LOD scores 41.3 observed anywhere on the X chromosome for the 'primary' phenotypes BMI, %BFAT, leptin and ABDCIR, except for the phenotype adiponectin. When an X-linked polygenic component was not modeled (models 1, 4 in Table A3 ), we detected elevated LOD scores to adiponectin across the entire X chromosome ( Figure A1 , A2, online supplement). Instead, after an X-linked polygenic component was modeled (models 2, 3, 5, 6, in Table A3 ), no linkage was detected for adiponectin with a mere maximum LOD score of 0.70 (data not shown). Modeling X-linked polygenic and autosomal polygenic backgrounds together or only an X-linked polygenic component in our X-linked analysis only gave marginal changes in the LOD scores (model 2 vs model 3; model 5 vs model 6). Likewise, adjusting for environmental covariates or not gave marginal changes in the maximum LOD scores across the X chromosome (data not shown).
Discussion
We observed linkage peaks in several chromosomal regions for adiposity-related phenotypes in 34 American Samoan pedigrees containing 578 genotyped adult members. The principal regions with evidence of suggestive linkage (LODX1.9) indicated by our univariate linkage analyses were 12q24.23-q24.32 and 16q12.2-q21 for %BFAT; 1q42.2, 5q11.2, 6q23.2, 12q24.23, 16q12.2-q21 and 19p13.3 for leptin; 14q12 for %BFAT-adjusted leptin; 2p13.1-p11.2 and 16q23.1 for ABDCIR; 1q31.1, 3q27.3-q28 and 12p12.3 for %BFAT adjusted ABDCIR; and 13q33.1 for adiponectin. Far fewer linkage signals were detected using nuclear pedigrees instead. To our knowledge, this is the first genome-wide scan for QTLs linked to adiposity-related phenotypes in the American Samoan population. Covariates included in the model: A, age; C, cigarette smoking; E, education; F, farm work; S, sex. 
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The strongest linkage signal, average LOD ¼ 3.83, was found for leptin in 6q23.2 near marker D6S262. This is near the obesity candidate gene detected in French adults and children, ENPP1 (ectonucleotide pyrophosphate phosphodiesterase, OMIM 173335), an inhibitor of insulin receptor tyrosine kinase activity. 38, 39 Several other genome-scan studies have reported QTLs in the 6q region for type 2 diabetes, obesity and metabolic syndrome in Mexican Americans 40 , Finns 41, 42 and Figure 1 The multipoint linkage results from one single SOLAR/LOKI run for chromosome 6 (top), chromosome 13 (middle) and chromosome 16 (bottom) for the 'primary' adiposity-related phenotypes. In graphs on the left, body mass index (BMI) and leptin were adjusted for sex; percent body fat (%BFAT), abdominal circumference (ABDCIR) and adiponectin were adjusted for age and sex. In graphs on the right, BMI was adjusted for sex, farm work and education; %BFAT, ABDCIR and adiponectin were adjusted for age, sex, farm work and education; leptin was adjusted for sex, farm work, education and smoking.
French. 38, 43 Given the high levels of adiposity in the adult American Samoans, it is noteworthy that one study reporting linkage of leptin to 6q24 took place among French nuclear families with severe adult obesity. 38 The second highest linkage signal, average LOD ¼ 2.98, was for leptin in 16q21 near marker D16S503 (the same chromosomal region appears to harbor putative susceptibility loci for other phenotypes BMI, %BFAT and ABDCIR). This 16q21 region has been implicated by multiple other studies [44] [45] [46] and contains the candidate gene AGRP (Agouti-related protein) or ART (Agouti-related transcript) (OMIM 602311), which regulates body weight via central melanocortin receptors. We also detected linkage between leptin and chromosome 5q11.2 near marker D5S407 (LOD ¼ 2.08). The ISL1 gene (insulinenhancer binding protein 1, OMIM 600366), a transcription factor involved in pancreas development and insulin production, has been mapped to this chromosomal region. 47 Evidence of linkage for adiponectin was observed with an LOD of 2.41 on chromosome 13q33.1 near marker D13S158, a region identified in other recent genome scan studies. Abbreviations: ABDCIR, abdominal circumference; BMI, body mass index; %BFAT, percent body fat. BMI was adjusted for sex; %BFAT was adjusted for age and sex; ABDCIR was adjusted for age, sex, farm work and education; Leptin was adjusted for sex, farm work, education and cigarette smoking. All correlations are significantly different from zero with P-valueso10
48,49
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. r q is the correlation due to major gene effects. e P-value of the test for complete pleiotropy, for which the likelihood for the linkage model in which r q was estimated was compared with that of the model in which r q was constrained to 1 or À1.
f P-value of the test for no coincident linkage, for which the likelihood for the linkage model in which r q was estimated was compared with that of the model in which r q was constrained to 0. g Second highest bivariate LOD score is 2.73, occurring on 16q21 at 90.9 cM for trait pair ABDCIR-%BFAT. Figure 2 The LOD eq score profiles of selected pairs of adiposity-related phenotypes from one single SOLAR/LOKI run for chromosome 16.
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Suggestive linkage with both %BFAT and leptin were detected in the region 12q24.23-q24.32 between the markers D12S86 and D12S324, similar to what were found in a genome-scan study in European-American families. 50 Important candidate genes within the 1-LOD support region are the transcription factor TCF1 (OMIM 142410) and MODY3 (OMIM 600496), whose mutant variants are associated with maturity-onset diabetes. [51] [52] [53] We adjusted ABDCIR for %BFAT, in order to analyze a phenotype that isolates specific fat in the abdominal depots or locations that are assessed indirectly with circumference from the overall influence of total adiposity. This may allow for detection of novel QTLs, as suggested by Norris et al. 54 We detected three chromosomal regions with average LOD scores 42.0 for %BFAT-adjusted ABDCIR at 1q31. 56 demonstrated the high heritability of BMIadjusted leptin for the first time, and mapped the trait to chromosome 10p region (LOD 2.73). In our study, suggestive linkage to %BFAT-adjusted leptin was detected at 14q12 region, which was not identified for either leptin, or %BFAT alone or BMI-adjusted leptin. Further work is needed to explore genetic and environmental influences on such adjusted leptin phenotypes as they may represent specific adiposity or obesity susceptibility phenotypes. Significant genetic correlations between phenotypes BMI, %BFAT, ABDCIR and leptin suggest that there might be common genes influencing their variations. We demonstrated by bivariate analyses that the region 16q21 near marker D16S503 harbor a putative susceptibility locus that may simultaneously affect these correlated phenotypes. Although all the LOD eq scores were less significant than the peak univariate LOD score, we observed for leptin alone (LOD 3.83), some of the LOD eq scores were higher than the univariate LOD scores obtained for BMI, %BFAT and ABDCIR alone. This is consistent with the finding of Almasy et al. 36 that, when analyzing a 'weaker' trait and a 'stronger' trait together in the presence of pleiotropy, the bivariate power is usually no more than the univariate power for the stronger trait. Because our phenotypes are genetically correlated, we made no attempt to correct for multiple testing.
Our genome scan on autosomal chromosomes was carried out by the VC approach implemented in SOLAR. Another genetic package LOKI was used to calculate the multipoint IBD matrix that was input into SOLAR to test linkage. As discussed earlier, using LOKI has the advantage of properly modeling the variability in the estimates of the allele frequencies. However, we found that the LOKI multipoint IBD matrix varies depends on the initial system's random seed, which results in variation of the LOD scores SOLAR later estimated. Therefore, this provides a range of LOD scores, which as we described becomes narrower as the LOD score increases.
Significant linkage of obesity to Xq24 has been detected in the genome-scan of a Finnish population. 3, 57 Later, the positional candidate gene SLC6A14 was reported to show association with obesity in Finnish population. 3, 57, 58 In contrast, our X-linked analyses detected no strong evidence of linkage anywhere on the X chromosome. One possible reason for the observed chromosome-wide elevated LOD scores for adiponectin under some models might be driven by the fact that male variance of it is higher than its female variance although the difference is very small. By taking the safeguards suggested in Lange and Sobel, 34 the spurious linkage dropped. In contrast to the autosomal findings, we did not observe large changes in the linkage signals of putative QTLs when we adjusted for environmental covariates. It should be noted that we did not screen for significant covariates in the X-linked analyses; however, this choice would not affect the resulting LOD scores that much because the likelihood of the model that includes extra nonsignificant covariates approximates that of the model without those extra covariates. For a complex trait that is determined by multiple genetic and environmental factors such as diet, physical activity and smoking, careful adjustment for significant environmental effects may increase signal-to-noise ratio in linkage analysis by decreasing the proportion of the residual phenotypic variation attributable to these adjusted factors. 59 In our genome scan, we compared the analyses with and without adjustment for significant environmental effects (for example, farm work activity, education and smoking), by which some putative genes may be identified regarding their direct importance for the adiposity trait per se or indirect importance via the influence on the covariates only. Notably, most of the genetic regions identified for significant or suggestive linkage were detected only when accounting for certain environmental effects in our linkage analyses. For example, the highest linkage to leptin was observed on chromosome 6q23.2 (LOD ¼ 3.83), after adjusting for significant covariates of sex, farm work, education and smoking; When only smoking and sex effects were accounted for, the highest linkage to leptin was still observed in the same place, but the LOD score drops to 2.52 (not shown in Table 3 ); When only a sex effect was accounted for, the LOD score drops to 1.82. These results imply a possible genotype-by-smoking interaction for leptin levels, which has been reported in the San Antonio Family Heart Study. 60 Adiposity QTLs in American Samoan families F Dai et al Finally, we emphasize that our findings of linkage derived from a study population characterized by excessive adiposity. Therefore, the regions reported here may or may not be identified in multiple independent studies elsewhere. 10 Our ongoing studies on adults from less economically developed Samoa may also yield different findings due to the lower adiposity levels and less altered nutritional environment in Samoa.
In conclusion, we found strong evidence for a major locus on chromosome 6q23.2 influencing serum leptin levels in American Samoans. The 16q21 region appears to harbor a susceptibility locus that has significant pleiotropic effects on the phenotypes BMI, %BFAT, leptin and ABDCIR. Several other loci of varying significance were also detected across the genome. By adjusting for significant environmental covariates in the linkage analysis, we observed increases in the linkage signals where no signal or lower signals were detected without adjusting for those covariates. These findings suggest to us the potential for detecting gene by environment interactions by using a more elaborate set of environmental and/or behavioral exposure variables, such as dietary factors, general physical activity or even psychosocial stress factors.
